Hollow, polymeric, thiol-ene resorcinarene nanocapsules can act as template reaction vessels for the synthesis of gold nanoshells or spherical aggregates of gold nanoparticles depending on the reaction conditions. The spherical nanoparticle aggregates were evaluated as catalysts in the biphasic reduction of 4-nitrophenol.
Templates provide a convenient route for the synthesis and/or selfassembly of plasmonic nanostructures. [1] [2] [3] [4] Among various hard and soft templates, polymers offer numerous advantages such as ready availability, precise functionalization protocols, well-defined binding sites, self-organization etc. 1,2,5 One of the major challenges in the fabrication of polymer nanoparticle composites is the effective dispersion of nanoparticles in polymer hosts, 6 often requiring modification of either component. 5 Though most of the work has focused on block copolymers, other polymeric platforms have also been integrated with nanoparticles. 1 Among them, hollow polymeric capsules are attractive candidates due to their inherent guest encapsulation and release capabilities. 7, 8 When compared to the extensively studied assembly of nanostructures on macroscopically flat surfaces, the template assembly of nanostructures on curved, three-dimensional substrates is still nascent. 4, 9 The fabrication of nanocapsule-nanoparticle ensembles typically involves the embedding of the nanoparticles at a very early stage. 10, 11 Direct synthesis of nanoparticles inside container molecules has also been reported, but they lead to low loading of nanoparticles. 12, 13 Hence, there exists a need to develop simple, tunable, modular approaches for the preparation of controlled hybrid architectures. The present work employs a hollow, polymeric resorcinarene nanocapsule as a template reaction vessel for the synthesis and selfassembly of gold nanostructures. We have recently reported a direct, template-free approach for the fabrication of resorcinarene nanocapsules by the photopolymerization of a thiol-ene monomer, resorcinarene tetra alkene tetra thiol (RTATT, Scheme 1), in chloroform. 14, 15 Fig. 1a ) in chloroform were reduced with aqueous sodium borohydride (24 mg, 0.634 mmol) at 0 uC for 1 h. The TEM analysis of the product showed both smaller individual gold nanoparticles and much larger nanostructures (Fig. 1b) . A closer look at the latter ( Fig. 1c-1g ) showed formation of a gold nanoshell with a darker rim (Fig. 1h ) and a lighter core (Fig. 2) . Our attempts to visualize the surrounding nanocapsule by OsO 4 staining ( presence of Moiré fringes support the formation of gold nanostructures somewhat similar to structure A in Scheme 1. Interestingly, these nanoshells were often decorated with smaller spherical nanoparticle satellites ( Fig. 1c and 1e ). The thickness of the nanoshells formed was typically y12 nm ( Fig. 1h) . In certain instances, gold nanoshell formation was interrupted as indicated by an arrow in Fig. 1f and 1g . This could perhaps be due to a ruptured wall in the parent nanocapsule. 17 The selected area electron diffraction (SAED) of a gold nanoshell showed well crystallized gold within the nanoshell (Fig. 3a) . Characteristic diffraction rings for polycrystalline gold were observed and indexed as (111), (200), (220), (311), and (400) crystalline facets. Dynamic light scattering (DLS) analysis of these nanoshells gave a hydrodynamic diameter of y141 nm (Fig. 3b) . Not surprisingly, the extinction spectra of the as prepared nanoshells (NC-Au NS) showed a peak at 531 nm with a substantial tail in the NIR region (Fig. 3c) . Most of the individual nanoparticles could be separated from the gold nanoshells by allowing the latter to preferentially sediment overnight (Fig. 3c) . The sedimented nanoshells could be readily redispersed in chloroform or an RTATT solution in chloroform by gentle shaking. The extinction spectra of the nanoshells redispersed in chloroform (NC-Au NS ppt) showed a peak at y547 nm with a uniformly rising slope from 1200 nm (Fig. 3c) . Though the extinction spectra of these nanoparticle decorated nanoshell architectures are distinct from other nanoshells, [18] [19] [20] [21] [22] it is somewhat similar to the recently reported gold lace nanoshells 23 or gold nanorattles. 24 The observed extinction spectrum could be due to the interaction of the smaller nanoparticle satellites ( Fig. 1c and 1e ) with the nanoshell 23 and/or the entrapment of spherical nanoparticles inside these nanoshells. 24 The atomic force microscopy (AFM) analysis (Fig. 3d ) of such redispersed nanoshells gave an average size of 130 ¡ 12 nm, which was in good agreement with the DLS data and the dimensions of the parent nanocapsules. Notably, the concentration of the metal salt played a crucial role in the formation of the nanoshells. Upon increasing the S : Au ratio from 0.5 to 0.8 (by varying the amount of HAuCl 4 while keeping the RTATT concentration constant), spherical aggregates of gold nanoparticles were obtained (Fig. 4 a-e) . This is somewhat similar to the observation of Murray and coworkers, who have shown that a higher thiol to Au ratio leads to the formation of gold nanoparticles with smaller core sizes. 25 A closer look at these aggregates clearly revealed closely packed bilayer stacking of individual gold nanoparticles (Fig. 4 b-e), appearing somewhat similar to structure B in Scheme 1. A distinctive feature of this in situ nanoparticle synthesis and template assembly is that the size of the individual nanoparticles comprising the aggregates was significantly larger than the individual nanoparticles present outside (Fig. 4 b-e). It is possible that for the nanoparticles nucleating and growing inside the nanocapsules, there may only be partial/incomplete passivation from the nanocapsule, resulting in the formation of larger nanoparticles. Occasionally, the TEM image (Fig. 4e ) also showed the presence of an organic material encapsulating the nanoparticle aggregates. Such spherically assembled gold nanoparticle ensembles were not observed when TOA + AuCl 4 2 was reduced in the presence of RTATT monomer (Fig. 4f) . The extinction spectra of the nanoparticles prepared in the presence of RTATT nanocapsules and monomer showed significant differences. When compared to the surface plasmon resonance (SPR) of the individual gold nanoparticles (RTATT-Au NP) at 526 nm, the as prepared gold nanoparticle aggregates (NC-Au NP) had a broadened SPR centred around 538 nm (Fig. 4g) . As before, the resorcinarene nanocapsule encapsulated gold nanoparticle aggregates could be readily separated from the individual nanoparticles by allowing the former to sediment preferentially overnight. The sedimented particles could be readily redispersed in chloroform by gentle shaking, and their extinction spectra (NC-Au NP ppt, Fig. 4g ) showed a significantly red shifted and broadened SPR y570 nm. Such broadening could be attributed to plasmonic coupling between the assembled nanoparticles. 26 We tested the nanocapsule templated gold nanoparticle aggregates (NC-Au NP) as catalysts in the reduction of para-nitrophenol with sodium borohydride. A variety of metallic nanoparticle catalysts, 27, 28 including core-shell architectures, 29, 30 have been shown to be effective in carrying out this reduction. We employed a bi-phasic approach, 28 where the nanoparticle aggregates were present in the organic phase (chloroform) and 4-nitrophenol and sodium borohydride were present in the aqueous phase. In a typical catalytic reaction, to an aqueous solution of 4-nitrophenol (5 mL, 0.027 mmol), chloroform solutions of gold nanoparticle catalysts were added (1.8 mL, 0.116 mmol of gold atoms). To this reaction mixture, aqueous sodium borohydride (4 mL, 102.4 mg, 2.707 mmol) was added and the biphasic mixture was vigorously stirred at room temperature under ambient conditions. Aliquots (0.1 mL) were taken from the reaction mixture at various time periods, diluted with water (2.9 mL) and analysed by UV-vis spectroscopy to probe the progress of the reaction. Consistent with the literature, 27-30 the UV-vis spectra of the aqueous layer showed that, over time, the absorbance at 400 nm due to the 4-nitrophenolate ion reduced substantially with the concomitant growth of a new peak at 297 nm due to the formation of 4-aminophenol (Fig. 5a ).
With NC-Au NP as catalysts, the reduction was complete in y40 min (Fig. 5a ). Biphasic reactions carried out in the absence of gold catalyst did not show any reduction in the absorbance of 4-nitrophenolate ion during the entire course of the experiment. The as prepared NC-Au NP used in this experiment contains both nanoparticle aggregates and individual nanoparticles. To compare the catalytic abilities of the nanoparticle aggregates and individual nanoparticles, similar catalysis experiments (with identical gold atom concentrations) were carried out with redispersed precipitate (NCAu NP ppt) and supernatant (NC-Au NP sn), which were complete in 60 and 20 min, respectively. The longer time taken by the nanoparticle aggregates to complete the reduction is not entirely surprising, as other encapsulated metal nanoparticles have also taken up to 60 min to completely reduce 4-nitrophenol. 29, 31 The plot of ln(C t /C o ) vs. time (Fig. 5b) showed a linear relationship, indicating that these reactions followed first-order kinetics. The ratio of C t /C o was obtained by the ratio of absorbance at 400 nm at various time periods. Consistent with literature, 30 we observed a short induction period at the very initial stages of the reaction after which it followed first order kinetics (Fig. 5b) . The rate constants obtained from the linear slope of this plot (in between 1-30 min in Fig. 5b) . . aggregates, 29, 32 and we are currently investigating the permeation characteristics of these resorcinarene nanocapsules in detail.
In conclusion, we have shown that the in situ synthesis and templating of metal nanoparticles by RTATT nanocapsules can be carried out with high structural fidelity and nanoparticle loading, along with the potential to control the resulting nanostructures. Though we have demonstrated their utility in the fabrication of Au nanostructures, these nanocapsules can be readily used for fabricating other metallic nanostructures. Currently, we are working on the synthesis of metal nanostructures using other morphologically distinct resorcinarene polymer templates. 14 We have investigated the utility of nanocapsule templated nanoparticle aggregates in the reduction of 4-nitrophenol. Controlled formation of metallic nanostructures with tunable optical properties is expected to play a crucial role in SERS based applications.
